CALIFORNIA DEPARTMENT OF WATER RESOURCES

Division of Engineering

State Water Project
SEISMIC LOADING CRITERIA REPORT

SEPTEMBER 2012



STATE OF CALIFORNIA
Edmund G. Brown, Jr., Governor

CALIFORNIA NATURAL RESOURCES AGENCY
John Laird, Secretary for Resources

DEPARTMENT OF WATER RESOURCES
Mark Cowin, Director

Waiman Yip Dale Hoffman-Floerke Jeff Ingles
Policy Advisor Chief Deputy Director Internal Audit Office
Cathy Crothers Nancy Vogel Kasey Schimke Stephanie Varrelman
Office of Chief Counsel Assistant Director Assistant Director Office of Workforce Equality
Public Affairs Legislative Affairs
Gary Bardini Carl A. Torgersen John Pacheco Kathy Kishaba
Deputy Director Deputy Director Acting Deputy Director Deputy Director

State Water Project
SEISMIC [ OADING CRITERIA REPORT

DIVISION OF ENGINEERING
Richard Sanchez, Chief

This report was prepared under the direction of:

Jeanne KUttel . ... Chief, Geotechnical Services Branch
by:

Ariya Balakrishnan .......................cccoiiiiii e, Supervising Engineer, Water Resources
Raymond MOKiN ..........ccovviiie e Senior Engineer, Water Resources
Dinh NZUYEN ... Senior Engineer, Water Resources
VU Thai..... Senior Engineer, Water Resources
Mitchell TYIEr ... Senior Engineer, Water Resources
Don HOITUP ... Senior Engineering Geologist
Mark Castillo ... Engineer, Water Resources
Dagnachew Fanta ... Engineer, Water Resources
YU-Chen HSUEN...........ooi e Engineer, Water Resources
Christina Kashiwada ... Engineer, Water Resources
Mahmoud Mabrouk..................c e Engineer, Water Resources
Gordon Wright ... Engineer, Water Resources

with contributions from:

Khalil Jafarnejad ....................cccooo Supervising Electrical Engineer, Hydraulic Structures
Soheil Loghmanpour....................coooooii Supervising Mechanical Engineer, Hydraulic Structures
JimSuUNg . ... Senior Engineer (Division of Operations and Maintenance)



FOREWARD

The State Water Project (SWP) is considered a critical lifeline for California. Earthquakes pose one of the
greatest risks to this vital lifeline. Therefore, the selection of seismic loading criteria becomes critical when
designing new facilities or evaluating the safety of existing facilities. This report provides design engineers
with a guideline in selecting appropriate seismic loading criteria for a wide variety of SWP facilities including
dams, canals, pipelines, tunnels, check structures, bridges, buildings, pumping and power plants, and utility
overcrossings. The seismic design load shall be selected based on the criticality of a facility and conse-
qguences of failure. Most critical facilities are expected to be functional immediately after an earthquake and
thereby should experience very limited damage. Other facilities may be considered less critical such that
they are designed to incur some damage but still return to some level of function in a specified timeframe.

These guidelines are a suggested starting point, but do not take the place of the design engineer’s judg-
ment and additional information available for a particular project site. Each design engineer should have
the knowledge, experience, and insight into the importance of their facility to select the appropriate seismic
design load and subsequently to apply that load in an appropriate manner to the structure. Similarly,
this report does not prescribe the procedure or process of analyzing the structure. Again, this is design
engineer’s responsibility to select the method of analyses that best suit the complexity, criticality, and
importance of the facility.

This document captures the current state of practice. As the state of practice in earthquake engineering
and seismology continually changes, this document shall be reviewed and updated periodically to ensure
that SWP facilities are always in accordance with current practice.
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EXECUTIVE SUMMARY

Seismic loading criteria are developed for various types of structures in the State Water Project (SWP) to
use in future designs and evaluations. The SWP system supplies water for almost two third of Californians
and about 750,000 acres of irrigated farmlands. It is critical for the California economy.

Seismic risk is considered one of the greatest contributors of all potential risk categories for the SWP.
California is considered one of most seismically vulnerable areas in the world and most of the SWP
facilities are located in central and southern California, which are seismically active areas.

The purpose of developing seismic loading criteria was to have an economically feasible SWP system
that would provide adequate protection against the loss of life, property damage, and interruption of water
delivery during and immediately after a seismic event. Most of the existing SWP facilities have not been
evaluated since they were built in the 1960s. The knowledge of ground motion predictions and seismic
analytical methodologies has significantly progressed since the1960s.

As part of the development of the seismic loading criteria, current design standards used by Department
of Water Resources (DWR), other similar agencies, and regulatory/code entities were gathered and
utilized to select appropriate minimum loading levels for different types of SWP facilities. In addition, the
process of criteria selection included consideration of the consequences of failure such as loss of life,
property damage, and interruption of water delivery. The consequence of interruption of water delivery was
somewhat difficult to quantify because DWR delivers water to the water contractors and they either store
it in their storage facilities or distribute to the local agencies. The recommended loading criteria include
consideration of consequences of failures in the selection process.

The Division of Engineering (DOE) in DWR should use the seismic loading criteria recommended in this
report for the design and evaluation of both new and existing SWP facilities. Seismic loading criteria is
provided for most of the structures associated with the SWP—reservoirs , dams, canals, pipelines, tunnels,
check structures, pumping and power plants, buildings, bridges and utility overcrossings of the aqueduct.
The seismic loading criteria should be used for these structures and associated appurtenant facilities
in the future. A project engineer can use a larger loading criteria than what is recommended in this
report based on project specific factors such as: 1) the consequences of interruption of water delivery,
2) the impact on existing habitats and the environment, 3) the operational aspects of the facility in rela-
tion to water delivery, 4) the repair cost and time to return the system back to operational status, and 5)
the availability of an emergency back-up system to temporarily make the facility operational until all the
repairs are completed.

The criteria recommended in this report are considered current; however, these seismic loading
criteria should be reviewed and updated every five years to make appropriate changes based on future
operational requirements and on changes in state-of-practice.

This is the first time DWR has developed loading criteria for the entire SWP facility and many of these
facilities have not been evaluated to determine how vulnerable the system would be based on any seismic
criteria. Therefore, these criteria are considered preliminary until the recommendations can be confirmed
to be reasonable for the SWP facilities.

State Water Project Seismic Loading Criteria Report Executive Summary  ix



Seismic Loading Criteria (SLC) are being developed to provide guidance to design engineers in the California
Department of Water Resources (DWR) for determination of the minimum seismic loading requirement for
the design or retrofit of State Water Project (SWP) facilities. The seismic loading criteria are necessary for
SWP facilities to minimize loss of life, interruption of water supply, and property damage resulting from a
seismic event.

These SLC are considered preliminary because the required level of performance of the SWP facilities
following a major earthquake was not fully defined when this report was prepared. This is the first time
Division of Engineering (DOE) in DWR has developed seismic loading criteria to use internally for the
design or evaluation of SWP facilities. The seismic loading criteria considered in the design of SWP
facilities in the 1960s were minimal compared to the current standard.

The goal of this report is to provide recommendations on design criteria that are considered appropriate
for evaluating existing facilities and designing new facilities. These SLC should be updated periodically to
reflect the current state of practice in seismic design and to satisfy growing populations and the demand
for water supply. Until the next update is available, DOE design engineers should use this document as a
guideline when evaluating existing facilities or designing new facilities.

It should be noted that this report mainly focuses on the seismic loading criteria and does not address
in detail the performance requirements or procedures for analyzing the facilities. A facility’s performance
requirements depend on the project goal, water supply requirements, criticality of the facilities, and many
other factors. For example, critical facilities that are expected to be functional immediately after an earth-
quake should experience very minor to no damage and other facilities that are not critical can experience
some damage depending on their functionality, damage consequences, and acceptable repair time and
cost. Each type of SWP facility presents a unique set of design challenges. The designer must determine
the appropriate methods and level of refinement necessary to design and analyze each type of structure
on a case-by-case basis. The designer must also exercise engineering judgment in the application of the
seismic loading criteria provided in this report.

When situations arise that warrant detailed attention beyond what is provided in these SLC, the designer
should refer to other resources to establish the correct course of action. In 2008, DOE formed an internal
committee, the Seismology and Earthquake Engineering Resources Group (SEERG), who can be consulted
to discuss the issues and to obtain recommendations. Deviations to these criteria shall be reviewed and
approved by the Senior Engineer assigned to a project or by an appropriate member in SEERG, and shall
be documented in the project file.

This report is intended for DWR use for SWP facilities. It reflects the current state of practice at DWR.
This report contains references specific and unique to DWR and may not be applicable to other public
or private parties and agencies.

State Water Project Seismic Loading Criteria Report Introduction 1



1.1 PURPOSE AND SCOPE

DWR owns and operates water facilities that supply water
for millions of Californians and for thousands of acres of
agricultural land in California. The SWP was built in the
1960s to convey water from northern California to southern
California. These aging facilities require frequent repairs and
maintenance to continuously supply water throughout Cali-
fornia. Most of the SWP facilities have not been re evaluated
since they were built. As part of the Division of Operation
and Maintenance’s (O&M) “SWP Reliability Study,” the SWP
facilities will be re evaluated to the current standard to identify
deficiencies in the system.

The SWP facilities were built in the 1960s with sound
engineering knowledge available at the time of design and
construction. However, over the last fifty years, the design
and construction standards have improved, especially in the
area of seismic design requirements. At the time the SWP
was designed and constructed, the understanding of seismic design was limited. Consequently, the
design of SWP facilities prompted additional seismic research and development of seismic design criteria.
Since then, the understanding of ground motion predictions and analytical methodologies has improved
significantly. When comparing the design of these facilities to current standards, seismic loading is con-
sidered to be the most vulnerable; potential damage to the SWP facilities could interrupt water supply. A
prolonged disruption of water supply for an area that has a sizable population or a large number of industrial
infrastructures or farmlands could significantly affect California’s economy.

>

To provide reasonable protection in a seismic event and to maintain consistency in the seismic design of
SWP facilities, DOE initiated this project to develop appropriate seismic loading criteria for SWP facilities so
that future repairs and designs can be conducted according to the recommendations in this report. As part
of developing the seismic loading criteria, the following tasks were conducted:

e Review of seismic criteria used in the design of existing facilities.

e |nteraction with other Divisions within DWR and outside agencies to obtain current standard of practice
in seismic design of water facilities.

e Development of a Geographical Information System (GIS) database for the entire SWP system.

e Development of preliminary ground motion estimates for various return periods at key locations of the
SWP system in order to understand the seismic demand.

e Recommendation of seismic loading criteria for each type of SWP facility.

2 Introduction State Water Project Seismic Loading Criteria Report



1.2 PROJECT BACKGROUND

The SWP is a water storage and delivery system comprised of reservoirs, aqueducts, pumping plants, and
power plants that extends more than 700 miles across varying California terrain. In July 1956, DWR was
created primarily for the construction of the SWP. The first construction efforts began in May 1957 with the
Oroville facilities. The construction then continued until the initial SWP facilities (Figure 1.1) (except the
peripheral canal) were completed in 1973. Because of funding constraints, construction of the peripheral
canal was delayed. While the majority of the SWP facilities were completed in 1973, construction of
additional facilities continued to keep abreast of the water delivery obligations to the growing populations in
California. Today, the SWP includes 34 storage facilities, reservoirs and lakes, 20 pumping plants, 4 pumping
generating plants, 5 hydroelectric power plants, and about 700 miles of open canals and pipelines.

The purpose of the SWP is to divert and store water from the wet season or snow melt and then distribute it to
Californians throughout the year. In addition, the SWP is used for recreation, flood-control, power generation,
fish and wildlife protection, and water quality management. This unique Project supplies water for 25 million
Californians and 750,000 acres of irrigated farmland. The SWP makes deliveries to approximately two-
thirds of California’s population in 29 urban centers and to agricultural lands in Northern California, the San
Francisco Bay Area, the San Joaquin Valley, the Central Coast, and Southern California. The SWP delivers
approximately 70 percent of the water to urban users and 30 percent to agricultural users.

The design and construction of the SWP is an ever-changing task because of its unprecedented size and
complexity. The seismic component in design was, and remains today, an additional challenge because Cal-
ifornia is the most seismically vulnerable state in the United States. DWR clearly recognized the importance
and need for improved methods of analysis for structure and foundation response to large earthquakes.
In the late 1950’s, DWR used the seismic analysis provisions included in the Uniform Building Code and
the Recommended Lateral Force Requirements of the Structural Engineers’ Association of California for
buildings and related structures. However, similar levels of analytical procedure or code based methodol-
ogy were not available for analyzing earth structures and foundations for seismic loads. DWR recognized
the need for improving the seismic design procedures and undertook a study that was recommended by
the Earthquake Engineering Institute (EERI) in 1960 (DWR Bulletin No. 116-4). In 1961, DWR selected a
Consulting Board for Earthquake Analysis to appraise the seismic design problems of the SWP. Since then,
various individuals and consulting groups have analyzed seismic issues pertaining to SWP facilities.

DWR has seismic instruments on many of the SWP facilities to monitor real time ground motions. Since
the hazard to the SWP facilities from seismic shaking remains high, it is important that SWP facilities are
monitored for nearby earthquakes that could cause damage to these facilities. The Earthquake Engineering
Section in O&M currently operates 22 sensitive (weak-motion) seismic monitoring instruments at 8 regional
locations, along with 103 strong-motion earthquake-monitoring instruments at 42 state-owned facilities
for the SWP. These instruments provide timely information about earthquake locations, magnitudes, and
severity. When an earthquake of magnitude 3.7 or greater occurs in California, O&M notifies appropriate
personnel in DWR, other State agencies, federal agencies and others.

State Water Project Seismic Loading Criteria Report Introduction 3



The current design trend in the industry is
towards risk-based design for major facilities
such as dams and nuclear power plants.
Federal agencies, including the United States
Bureau of Reclamation (USBR) and the Army
Corps of Engineers (USACE), recognize the
importance of a risk-based design. They con-
sider the performance of existing structures
using multiple levels of seismic loads to evaluate the risk. Based on the results, they identify and repair
the most critical structures to restore them to an acceptable risk level. This full risk based analysis is not
yet widely used in new designs. In this study, DWR considers risk and the consequences of failure in
recommending reasonable seismic loading criteria for various types of SWP facilities.

1.3 REPORT ORGANIZATION

As a part of this study, seismic loading of existing SWP structures was reviewed and compared with current
seismic demand. To identify the required seismic demand for various levels of seismic loading, preliminary
ground motions (acceleration response spectra) were developed at 18 locations along SWP facilities. These
demands were compared to the design values (if available) of the existing facilities to understand the con-
dition of the existing facilities. In order to select appropriate loading criteria, the current design standards
used by other agencies as well as the risk and consequences associated with the failure of a facility were
considered for each type of SWP facility.

This report includes an individual chapter for each type of SWP facility and provides details regarding
the existing facilities, the current standards, if any, used by DWR and other agencies, the recommended
minimum seismic loading criteria, and some guidelines on how to select appropriate loading criteria.

Chapter Two presents the criteria and other details about the storage facilities in the SWP system. According
to the California Water Code (CWC), most of these facilities fall under DWR'’s Division of Safety of Dams
(DSOD) jurisdiction because of the potential high consequences associated with the failure of a dam or
other water retaining structure; only a few existing facilities are non jurisdictional facilities. DOE recom-
mends adopting the existing DSOD criteria for jurisdictional facilities and developed minimum criteria for
the non jurisdictional facilities.

Chapter Three presents the seismic loading criteria and the details of facilities associated with the California
Aqueduct. These facilities includes canals, pipelines, tunnels, and check structures. The check structures
are used to control the flow in the canals. Selecting appropriate seismic loading criteria for canals were
difficult because no published information for these types of facilities was found internally or by other agen-
cies that were contacted or researched via the internet. Our recommendation of how to select the loading
level for canals and other water conveyance facilities are provided in this chapter.

Chapter Four presents the loading criteria for the pumping plants, power plants, and buildings that are
part of the SWP. These criteria are based on the current standards used by DWR and other agencies. The
current building code standard is mostly used for these structures with some slight modifications for critical
structures as is discussed in Chapter Four.
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Chapter Five provides the criteria and details of bridge structures that are part of the SWP facilities. Several
bridges owned by DWR cross the California Aqueduct. Generally, Caltrans seismic loading criteria are used
for bridge structures.

Chapter Six presents the criteria for utility overcrossings, particularly those that cross canals. The failure
of some utility overcrossings can potentially contaminate the water in a canal, interrupting water delivery.

Chapter Seven presents a list of references used in the report.

The initially estimated ground motions at the 18 locations along the SWP are presented in Appendix A along
with fault rupture hazards. The ground motions provided are not to be used for future projects because
most of them were developed for pumping plants and used an approximate shear wave velocity in the upper
30 meters based on the limited review of the existing information.

The State Water Project
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DWR owns and operates many storage facilities throughout California, including reservoirs with dams,
circular tanks, and small pools or detention basins. This chapter focuses on the SWP storage facilities, the
seismic design methodology that DWR utilized to design these features, and seismic loading recommenda-
tions for future seismic design and evaluation of DWR storage facilities. This chapter also summarizes the
seismic design methodologies of storage facilities utilized by other agencies such as the U.S. Army Corps
of Engineers (USACE) and the U.S. Bureau of Reclamation (USBR).

2.1 EXISTING DWR FACILITIES

Currently, there are 29 storage facilities in the SWP. In addition, Citrus Reservoir is under construction.
Table 2.1 presents a brief statistical summary of the 29 storage facilities and their dams, as appropriate.
The storage facilities range in size from approximately 11 acre-feet (AF) of storage at the Cordelia Pump-
ing Plant Forebay to 3.5 million AF at Lake Oroville. Most SWP storage facilities consist of a reservoir with
associated dam or dams. However, the Napa Turnout and Santa Clara Terminal Reservoirs are circular,
above ground, steel storage tanks.

DSOD regulates the majority of the dams in the SWP. Based on the CWC, DSOD defines a jurisdictional dam
as any dam with a height of 25 feet or greater and a storage capacity of 15 AF or greater, and any dam with
a height of 6 feet or greater and a storage capacity of 50 AF or greater. Dams with lesser height and storage
combinations than these are considered non-jurisdictional. DSOD also exempts circular storage tanks (e.g.
Napa Turnout and Santa Clara Terminal Reservoirs) as well as federally owned storage facilities (e.g. B.F.
Sisk Dam) from their jurisdiction.

DWR constructed and currently operates the majority of the SWP storage facilities except for the San Luis
Facilities (also known as the Joint-Use Facilities) and Elderberry Forebay. USBR constructed and owns the
San Luis Joint-Use facilities; however, DWR operates and maintains it. Similarly, the Los Angeles Depart-
ment of Water and Power (LADWP) built the Elderberry Forebay; however, DWR maintains and operates it.

State Water Project Seismic Loading Criteria Report Storage Facilities 6



Table 2.1 DWR Storage Facilities

Reservoirs Dams

Storage Facilty | G | | Sufece [ Sirelne | Stuctyal [ Crest [ Crest [ Volume

(ac-feet) (acres) (miles) (feet) (feet) (feet) | (cubic yds)
Frenchman Lake® 55,477 1,580 21 139 5,607 720 537,000
Antelope Lake® 22,566 931 15 120 5,025 1,320 380,000
Lake Davis® 84,371 4,026. 32 132 5,785 800 253,000
Lake Oroville® 3,637,577 15,805 167 770 922 6,920 80,000,000
Thermalito 13,328 323 10 143 233 1,300 154,000
Diversion Pool
Fish Barrier Pool 580 52 1 91 181 600 10,500
Thermalito Forebay® 11,768 630 10 91 231 15,900 1,840,000
Thermalito Afterbay® 57,041 4,302 26 39 142 42,000 5,020,000
Cordelia Pumping 11 2 0.3 34 34 1,100
Plant Forebay
Napa Turnout 22 0.7 n/a n/a n/a n/a n/a
Reservoir
Clifton Court 28,653 2,109 8 30 14 36,500 2,440,000
Forebay3
Bethany Reservoir® 4,804 161 6 121 250 3,940 1,400,000
Patterson Reservoir® 100 4 03 33 712
Lake Del Valle® 77,106 1,060 16 235 773 880 4,180,000
Santa Clara Terminal 9 0.5 n/a n/a n/a n/a n/a
San Luis Reservoir 2,038,771 12,700 65 385 554 18,600 77,645,000
(B.F. Sisk Dam)
O’Neill Forebay 56,426 2,700 12 88 233 14,350 3,000,000
Los Banos Detention 34,562 623 12 167 384 1,370 2,100,000
Little Panoche 13,236 354 10 152 676 1,440 1,210,000
Detention
Tehachagi East 8006 60
Afterbay
Silverwood Lake® 74,970 976 13 249 3,378 2,230 7,600,000
Devil Canyon 50 4
Afterbay3
Crafton Hills® 120 6 2.1 95 2932 500 144,000
Reservoir
Lake Perris® 131,452 2,318 10 128 1,600 11,600 | 20,000,000
Quail Dam® 7,580 290 3 45 3,330 6,600 1,900,000
Pyramid Lake® 171,196 1,297 21 400 2,606 1,090 6,860,000
Elderberry Forebay® 28,231 460 7 200 1,550 1,990 6,000,000
Castaic Lake® 323,702 2,235 29 425 1,635 4,900 46,000,000
Dyer Reservoir® 515 24 0.75 30 810 2,100 150,000

L At maximum normal operation level; 2 Above mean see level: 3 Jurisdictional Dam

1 Storage Facilities

State Water Project Seismic Loading Criteria Report




2.2 DESIGN LOADING CRITERIA USED BY DWR AND OTHER AGENCIES

Seismic design of the SWP storage facilities generally consisted of the application of a pseudo-static earth-
quake load to the critical sliding surface identified in a slope stability analysis. The earthquake loading
was derived from a suite of acceleration spectra curves recommended by the 1962 Consulting Board for
Earthquake Analysis (CBEA) as the “best current estimates for design of certain structures for a ‘maximum’
earthquake.” The CBEA also provided multiplication factors to increase the recommended curves based
upon the site distance to faulting and potential energy release of the fault (Figure 2.1). Typically the loading
consisted of a 0.1 gto 0.15 g acceleration. Most of the larger dams in the SWP also implemented additional
earthquake design considerations as recommended by the individual project’'s Dam Consulting Boards.
These additional earthquake design considerations varied from project to project and included model tests
using shake tables at higher earthquake accelerations. Incidentally, these tests were some of the earliest
tests performed by the Engineering Materials Laboratory at the University of California under the supervi-
sion of Professor H. B. Seed. These tests assisted in evaluating design considerations, such as flattening
embankment and cut slopes, constructing impervious cores such that they can deform plastically without
significant cracking, enlarging impervious cores and transition zones to accommodate potential displace-
ment, and providing additional freeboard.

Figure 2.1

Average Acceleration Spectra Curves
Proposed by the Consulting Board
for Earthquake Analysis in their
November 1962 Report

SPECTRAL ACCELERATION, Sp IN FEET PER SEC.2

0 0.4 0.8 1.2 1.6 2.0 2.4
PERIOD OF STRUCTURE (Sec’s.)
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DWR’s storage facilities can be grouped into jurisdictional dams and non jurisdictional facilities. As
discussed earlier, the non-jurisdictional facilities include circular tanks, federally owned dams, and very
low hazard dams. The following sections discuss the current design approaches DWR and other agencies
currently use.

2.2.1 Design of Jurisdictional Storage Facilities

As stated previously, DSOD regulates jurisdictional facilities. DSOD also published guidelines for deter-
mining earthquake design loading for jurisdictional facilities. Of particular interest to the subject of this
reportis DSOD’s “Guidelines for use of the Consequence-Hazard Matrix and Selection of Ground Motion
Parameters” (DSOD, 2002). The Consequence-Hazard Matrix (Table 2.2) prescribes the statistical
(deterministic) level Peak Ground Acceleration (PGA) and spectral acceleration based upon Total Class
Weight of the facility and slip rate of the controlling fault. The Total Class Weight--a damage potential
parameter DSOD uses to evaluate spillway capacity and frequency of facility inspections--is used to
represent the range of failure consequences while the slip rate is used as a measure of the likelihood of
the controlling earthquake event. The Hazard Matrix requires the use of 84th percentile ground motion
parameters for dams with high consequences of failure and/or high slip rate controlling faults and the
use of 50t" percentile ground motion parameters for dams with lower consequences of failure and/or
low slip rates. The guideline also provides procedures to account for near fault directivity effects and
establishes minimum earthquake parameters for facilities in areas of low seismicity. Currently, DSOD is
considering modifying the hazard matrix shown in Table 2.2. DOE should adopt changes to this hazard
matrix as they become available.

Slip Rate
Table 2.2
Very High High Moderate Low DSOD Hazard Matrix
9 or greater 89to1l.1 1.0t0 0.1 less than 0.1
mm/yr mm/yr mm/yr mm/yr ( 10/4/2002)
Extreme th
Total Class Weight 84th 84th 84th 20 H;[O
31-36 84
)
e
Q High 50th 50th
S th th 0 to
S | Total Class Weight 84 84 th th
1 84 | 84
S
O
s | 841 | 900 | 800t | som
otal Class Weig
o5 84 84
Low
Total Class Weight 5Oth 5Oth 5Oth 50th
0-6
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USACE has also published guidelines to determine the level of earthquake loading for the design of
dams. The Federal Energy Regulatory Commission (FERC), Federal Emergency Management Agency
(FEMA), and USBR all refer to USACE guidelines. These guidelines for earthquake loading (ER 1110-
2-1806 Earthquake Design and Evaluation for Civil Works Projects) are currently being updated. (The
USACE website indicates that the upcoming Engineer Manual 1110-2-6001 Seismic Stability Evalu-
ation of Embankment Dams is currently in the final review stage.) ER 1110-2-1806 establishes com-
binations of earthquake loading and facility performance. A Maximum Credible Earthquake (MCE) is
defined as the greatest earthquake that can reasonably be expected to be generated by a specific fault.
Multiple MCE’s may be defined for a site, each with characteristic ground motion parameters and spec-
tral shape. The MCE is determined by a Deterministic Seismic Hazard Analysis (DSHA). A Maximum
Design Earthquake (MDE) is the maximum level of ground motion for which a structure is designed or
evaluated. The MDE can be characterized as a deterministic or probabilistic event. The performance
requirement associated with a MDE is that the facility or structure performs without catastrophic failure,
although severe damage or economic loss may be tolerated. For critical features, the MDE is the same
as the MCE. For other features, the MDE is a lesser earthquake than the MCE which provides economi-
cal designs while meeting appropriate safety standards.

The Operating Basis Earthquake (OBE) is an earthquake that can reasonably be expected to occur with
a b0 percent probability of exceedance during the service life. The associated performance require-
ment states that the project functions with little or no damage and without interruption of function. The
purpose of the OBE is to protect against economic losses from damage or loss of service, and therefore
alternative choices of return period for the OBE may be based on economic considerations. The OBE
is determined by a Probabilistic Seismic Hazard Analysis (PSHA). It is apparent from the previous
descriptions that USACE guidelines for earthquake loading do not provide a minimum return period or
statistical level of ground motion for design other than for the OBE.

Currently, USBR uses a risk-based approach for decision making and to remediate existing dams. In
this approach, various failure modes are investigated and the probability of failure for each of the failure
modes is calculated. These failure probabilities are then combined with the potential consequences.
USBR currently considers only population at risk as a consequence. If the consequence is high, then
further action is warranted to bring the consequences below the acceptable level (Cyganiewicz and
Smart, 2000).

2.2.2 Design of Non-Jurisdictional Storage Facilities

There are many standards available for the design of liquid-containing storage tanks, three of which
would be suitable for the water storage tanks included in the SWP: the American Water Works Asso-
ciation (AWWA) D100, American Concrete Institute (ACI) 350.3, and the International Building Code
(IBC) or California Building Code (CBC). The various branches of the United States military also have
liquid storage tank design criteria, but these guidelines primarily follow the procedures contained in
the previous three codes. Few design standards exist for the design of small reservoirs or dams that
DSOD considers non-jurisdictional. The USBR “Design of Small Dams” report does contain useful
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information. However, it does not provide seismic design guidance other than to seek the services of
an earthquake engineering professional if it is considered possible that an earthquake could affect the
facility in question. As stated earlier, USBR currently uses a risk-based approach for analyzing their
dams. Currently, many of USACE’s military guidelines that could potentially provide seismic loading
criteria for smaller facilities and ground-supported tanks are awaiting revision pending the release of
Engineer Manual 1110-2-6001, Seismic Stability Evaluation of Embankment Dams.

At this time, information regarding the
seismic loading criteria that was used for
the design of SWP non-jurisdictional facil-
ities has not been located. It is assumed
that if seismic loading was considered for
the dams or embankments that impound
the smaller reservoirs, the criteria would
have consisted of the application of an
acceleration factor of approximately 0.1 g
for an embankment stability analysis, and
possibly flattening of fill or cut slopes. The
South Bay Aqueduct (SBA) Terminal Tank
(Santa Clara) (construction completed in
1965) and the Napa Turnout (construction completed in 1974), likely had the seismic loading criteria
based on the report submitted by the Consulting Board for Earthquake Analysis (CBEA) on November
19, 1962 or by using appropriate codes (if they existed) for that time.

Currently, DWR uses the AWWA and CBC standards for design of steel tanks and the ACI 350.3 for con-
crete storage tank structures for SWP facilities. Seismic loading criteria employed in the AWWA D100,
CBC and ACI 350.3 standards are derived from American Society of Civil Engineers (ASCE) 7-05. ASCE
7-05 was first included in the 2006 IBC (2007 CBC). It was based on an MCE ground motion, which
is defined as the motion caused by an event with a two percent probability of exceedance within a
50 year period (recurrence interval of approximately 2,500 years). However, it is limited in regions of
higher seismicity to 1.5 times the median estimate of the deterministic ground motion resulting for a
characteristic event.

The CBC employs the ASCE 7-05 seismic loading criteria directly while AWWA D100 and ACI 350.3 apply
various modifications to ASCE 7-05 to develop the seismic loading criteria. The reader is referred to
the various standards for detailed description of the procedures used to determine the seismic loading
criteria for steel and concrete storage tanks.
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2.3 RECOMMENDED SEISMIC CRITERIA FOR DWR FACILITIES

The recommended minimum seismic loading criteria for SWP storage facilities are based on a deterministic
or probabilistic spectrum depending upon whether the facility is jurisdictional or non-jurisdictional. The de-
termination of this design spectra and the application of appropriate adjustment factors are provided below.

2.3.1 Jurisdictional Facilities
The loading criteria for jurisdictional facilities are determined using the DSQOD criteria as follows:

The statistical level of ground motion for design (50t- or 84th-percentile) is determined from the DSOD
Hazard Matrix (Table 2.2) based upon the consequence of failure (Total Class Weight obtained from
DSOD) and the slip rate of the causative fault (obtained from a Seismic Hazard Assessment).

The 50t or 84t percentile deterministic design ground motion is then calculated by taking the average
of the Next Generation Attenuation (NGA) Ground Motion Prediction Equations (GMPE) as appropri-
ate. For sites with Vs30 (average shear wave velocity in the upper 30 meters) less than 450 meters per
second, or where ground motions are controlled by dip-slip faulting, the Idriss (2008) GMPE should
not be included in the average response.

The design spectrum should be modified to account for fault rupture directivity using the model by
Somerville et al. (1997) as modified by Abrahamson (2000) to develop the fault average component.
Values of percent rupture towards the site required in the Somerville modifications shall be taken as 40
percent for strike slip faults and 85 percent for dip slip faults.

The design spectrum should be the same or above the minimum earthquake defined by DSOD (DWR,
2002).

Measurements of Vs30 using in-situ (subsurface) geophysical methods (PS Suspension Logging,
Down-hole Seismic, Seismic CPT cone, etc.) where feasible, are preferred specifically for estimat-
ing ground motions. Where subsurface methods are not practical, surface geophysical methods (or
Rayleigh Wave Inversion — SASW/ReMi) are acceptable. In the absence of geophysical measurements
or if limited geophysical measurements are available, Vs30 for soil and rock can be estimated based
upon available subsurface information and/or from using established correlations. For soils and very
soft rocks the Vs30 can be estimated based upon laboratory measured undrained shear strength, SPT
blow count value, N60 (blow count corrected for hammer efficiency but not for overburden), or the CPT
tip resistance. Similarly, for firm to hard rock, Vs30 can be estimated based on the weathering, type,
and quality. An experienced geologist or geotechnical professional should make the Vs30 estimates.
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2.3.2 Non-Jurisdictional Facilities

Non-jurisdictional facilities can be circular storage tanks, large reservoir dams owned by Federal
Government (e.g. USBR), or small reservoir dams that do not meet the CWC or DSOD jurisdictional
requirements.

2.3.2.1 Circular Storage Tanks

AWWA D100, Section 13, Seismic Design of Water Storage Tanks determines the loading criterion
for circular steel storage tanks. ACI 350.3, Chapter Four, Earthquake Design Loads determines the
loading criterion for circular concrete storage tanks. The design earthquake ground motion in these
standards is derived from ASCE 7-05.

Both standards have a general and site-specific method of determining design response spectra.
The general methods are based on an MCE. The site-specific methods define the response spectra
as the lesser of a probabilistic response spectrum with a two percent probability of exceedance in
a b0-year period and the deterministic spectral acceleration taken as 150 percent of the median
response spectra (or the 84th percentile deterministic spectral response acceleration).

The designer should first consult with an engineer who has experience in developing design ground
motions to seek advice whether site-specific design ground motions are warranted for a project. For
certain subsurface conditions, ASCE 7.05 recommends specific ground motions.

2.3.2.2 Large reservoir dams owned by Federal government

The State does not have jurisdiction over federally owned storage facilities. For example, USBR
owns the San Luis facilities and the State of California does not regulate them. As these facilities
are operated and maintained by the State, the seismic loading criteria for these facilities should be
determined as if they were under DSOD jurisdiction, following the DSOD criteria outlined above in
Section 2.3.1.

2.3.2.3 Small Storage Facilities

The non-jurisdictional and non-circular tank facilities (e.g. small Forebays and Afterbays, detention
ponds) should have low hazards compared to jurisdictional dams. However, a minimum design cri-
terion is needed to minimize frequent repairs, interruption of water supplies, and other impacts on
the public and economy. The minimum loading criteria for these facilities is the envelope of ground
motion with a 500 year return period determined from a probabilistic seismic hazard analysis and
the median earthquake event from the nearest controlling fault. If the repair cost and impact to
the water delivery is significant, the designer could potentially adopt the procedure that is recom-
mended for the jurisdictional facilities.
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3.1 BACKGROUND INFORMATION

3.1.1 Existing DWR Facilities

The water conveyance (aqueduct) facility in the SWP consists of a main stem, also known as the
California Aqueduct, and five branches--North Bay Aqueduct, South Bay Aqueduct, Coastal Branch,
East Branch, and West Branch. The aqueduct facilities are composed of approximately 700 miles of
canals and pipelines that have the capacity to hold approximately 118,000 acre-feet of water at any
given time. The construction of the initial facilities was completed during the early 1970s when the
SWP became operational. Currently, 71 check structures are located within the aqueduct system: 61
in the California Aqueduct, 7 in the South Bay Aqueduct, and 3 in the Coastal Aqueduct. Most of the
North Bay Aqueduct and East and West branches consist of pipelines. Check structures were designed
to regulate the flow of the aqueduct using multiple radial gates and to isolate the canal into pools.
Check structures also provide a vehicle overcrossing of the canal. The pipelines have control values to
regulate the flow.

The seismic hazard on the water conveyance facilities has been a concern for DWR in recent years.
Seismic hazards primarily include ground ruptures and ground shaking, along with the secondary
effects of these hazards such as liquefaction, landslides, water surge or waves, and ground settlement.
The possibility of fault rupture hazards on the SWP facilities are slightly less than the ground shaking
hazard from an earthquake. However, the canal crosses active faults at many locations and the impact
of potential fault rupture displacements should be considered when analyzing for seismic hazards.
Appendix A (Initial Seismic Hazard Determination of SWP Facilities) of this report provides preliminary
estimates of ground motions at 18 pre-selected locations along the SWP.

3.1.2 Impact of Failure and Consequences

The failure of major water delivery channels and pipelines may lead to various consequences such as:
(1) Heavy economic loss; (2) Mass reduction or termination of potable water; (3) Agricultural, indus-
trial, and fire suppression/emergency response vulnerability; and (4) Severe environmental impacts.

The SWP aqueducts transport water mostly
from northern California to central and south-
ern California. DWR delivers water to the State
Water Contractors (SWC) to be used by the
local cities and water districts. The main goal
of the SWP aqueduct system is to provide the
contracted water supply to the SWC. A ca-
nal or pipeline failure during an earthquake
would not only negate water delivery but could
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also flood the regions adjacent to the failure. Therefore, the criticality of the systems depends on the
operational and flooding consequences. The operational consequences could be significant if the water
supply is interrupted for a long period of time and if the local users cannot survive without SWP water
for that length of time. Generally, locals have their own storage facilities to continue water delivery to
their population for a short period of time in the event of a SWP shut-down. The flooding consequences
can also be significant depending on the following parameters: (1) size/length of canal pool or pipe
section that failed; (2) location and alignment of the aqueduct relative to the urban or industrial areas;
(3) volume of discharge through the canal pool or pipe; and (4) economic, social, and environmental
impacts of the failure. Regions where population is high or located in close proximity to a canal, should
apply more stringent seismic loading criteria to reduce the economic and life safety impacts.

3.2 SEISMIC LOADING CRITERIA USED BY DWR AND OTHER AGENCIES

3.2.1 Canals

While information regarding the construc-
tion of the SWP canals can be located in
the Bulletin 200 document and various
other design and construction reports,
there appears to be very little documen-
tation of the seismic loading criteria that
was used for the canals. Geology, soils,
and seismicity have been discussed in
various reports, but information about how
the canal design accounted for seismic
activity was only found for the North San
Joaquin Division and Coastal Branch. A
seismic loading of 0.1g in the horizontal
direction was used in both areas during slope stability analyses. With this seismic load, minimum
factors of safety, 1.0 and 1.20, were used for both construction and operation conditions, respectively.
In the 1960s, liquefaction analysis was not in practice and probably ignored in the design of canals.
Since there has been no new canal designs completed in the last several decades, DWR does not have
current standards for canal seismic design.

In the attempt to research information in relation to the canal design, DWR engineers that were involved
in the design and construction of the SWP were contacted. Based on their experience, it appears that
seismicity did not play a significant role during the design of the SWP canals because it was thought
that canals could be repaired in a relatively short amount of time if damage were to occur during a
seismic event. In addition to the research within DWR, staff contacted the USBR, Pacific Gas and
Electric (PG&E), and the LADWP to determine if they had any documentation regarding the seismic
loading criteria they used to design their own canals. Unfortunately, no seismic loading criterion for
canals was located.
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In recent years, DWR has performed levee evaluations
for most of the levee systems in the Central Valley. As part
of the Urban Levee Geotechnical Evaluations Program
within Division of Flood Management (DFM), seismic
vulnerabilities of urban levee systems are analyzed using
200-year ground motions as documented in the Draft
Guidance Document for Geotechnical Analyses — Ver-
sion 11, December 2011. Levee systems that protect
communities of more than 10,000 people are consid-
ered urban levees and are included in this program’s
evaluation.

3.2.2 Pipelines

Similar to SWP canals, little documentation exists
regarding the seismic loading criteria used in the design
of existing pipelines including the recently designed pipe-
lines. DWR does not currently use any analytical model
to predict the behavior of buried pipelines during earth-
quake occurrences. This is partly because earthquake loads may not be a concern for pipelines below
the ground surface. Furthermore, AWWA manuals do not explicitly include seismic loading criteria
for water pipelines. FEMA’'s recommendations are provided below.

3.2.2.1 Federal Emergency Management Agency (FEMA) - Pipelines

Recommendations for the seismic loading criteria for water pipelines can be found in a guideline
prepared for FEMA's and National Institute of Building Sciences (NIBS) by a team representing
practicing engineers in the United States’ water utility industry and academics through American
Lifelines Alliance (ALA).

The primary earthquake hazards concerning water pipelines can be classified mainly as transient
and permanent ground movements.

1. Transient Ground Movement

Transient ground movement describes the shaking hazard by waves propagating from the
energy source and the amplifications because of surface and near surface ground conditions
and topography. Transient ground movements by seismic waves cause compressive, tensile,
and bending strains in buried pipelines by moving pipes with the soil in the area without ground
failures. Assuming the strain is transferred to the pipe without slip and the strain on the pipe is
equal to the strain in the soil that can be computed by considering the peak ground velocity and
wave propagation speed. The maximum force the soil can transfer to the pipe can be estimated
from the frictional force of soil acting on a pipe barrel in the axial direction (force per unit length)
and the seismic wavelength in the soil at the pipe location.
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2. Permanent Ground Movement

The strains on buried pipes because of permanent ground movement are caused by surface
fault ruptures, slope movements and landslides, liquefaction-induced lateral spreading and flow
failure, and differential settlements. Permanent ground movement caused by an earthquake
should be considered for seismic design of pipelines. The amount of surface displacement
because of fault offset can be estimated by using models provided by Wells and Coppersmith
(1994). Liquefaction induced permanent ground displacement can be estimated by using a
model by Bardet et al. (2002) and other recent publications. The average landslide induced
permanent ground displacement can be estimated by a model provided by Jibson (1994).
Permanent ground movements on buried pipelines have greater impacts than the transient
strains from wave passage.

Table 3.1 below summarizes the transient and permanent ground movement hazards that are
considered and earthquake parameters needed for an engineering evaluation according to FEMA.
The recommended methods for obtaining the parameters are also included.

Table 3.1 Earthquake Hazard and Parameters for Pipeline Design (Source: FEMA 2005)

Earthquake . Geotechnical
Hazard Parameters Obtain from: Parameters
Transient Ground Movement
General PGA (Peak Ground Acceleration), | PSHA (Probabilistic Seismic Soil/rock conditions,
Shaking PGV (Peak Ground Velocity), Hazard Analysis) depth, Shear wave

spectral response

velocity (Vs)

Near-source

Fault Distance

PSHA, fault map

Fault type, orientation,

Directivity rupture direction
Ground PGA, PGV, spectral PSHA Site soil and rock
Amplification response conditions, Vg
Permanent Ground Movement
Faulting Magnitude, Length PSHA or Geologist Fault type, orientation
Liquefaction PGA, Magnitude PSHA Soil type, relative density,
thickness, groundwater
Lateral spread PGA, Magnitude, PSHA Topography, soil type,
and Flow failure Distance strength, thickness,
groundwater
Slope Movement, PGA, Acceleration time PSHA Topography, ground
landslide history strength, groundwater
Settlement PGA PSHA Soil type, strength,

thickness, groundwater
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Table 3.2 below provides the range of pipe function classes based on seismic importance along with
a description of the type of pipe. As the purpose of water use still remains descriptive, engineering
judgment should be exercised in classifying a pipeline for design decisions. Based on a 50 year
design period of pipeline, the earthquake hazard return periods for each pipe function class is also
included in Table 3.2 based on the pipe function class.

Table 3.2 Earthquake Hazard Return Period Based on Pipe Function Class
(Source: FEMA, NIBS, American Lifelines Alliance Inc., 2005)

Pipe Seismic o Probability of Return
Function Importance Description Exceedance, Period
Class P in 50 years (years)
| Very low to Pipelines that represent very low hazard 100% Undefined
None to human life in the event of the failure,
longer restoration period (2 weeks or
longer will not hurt economic well being
of community)
[l Ordinary, Normal and ordinary pipeline use 10% 475
Normal
Il Critical Critical pipelines serving large numbers 5% 975
of customers and present significant
economic impact to the community or
a substantial hazard to human life and
property in the event of failure.
\Y, Essential Essential pipelines required to remain 2% 2475
functional and operation during and
following a design earth quake.
3.2.3 Tunnels

The seismic loading criteria that were used in the design of existing SWP tunnels also have not been
found. Many references, including the “Seismic Design of Tunnels — A Simple State-of-the-Art Design
Approach” monograph (Jaw-Nan Wang and Parson Brinckerhoff, 1993) discuss the seismic loading
criteria that could be used for tunnels.
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3.2.4 Check Structures

DWR design reports containing seismic
loading criteria information for existing
check structures were not located. DWR
Bulletin 200 does cite thatcheck structures
located in the San Joaquin Field Division
were designed for seismic loading of 0.1 g,
but does not elaborate on the methodology
used to arrive at that particular loading. A recent check structure design for the South Bay Aqueduct
(SBA) enlargement utilized the CBC and ASCE 7-05 Minimum Design Loads for Buildings and Other
Structures for structural design including seismic loading.

USACE seismic criterion (Earthquake Design and Evaluation for Civil Works Projects, ER 1110-2-
1806), USBR design criteria (Water Conveyance Facilities, Fish Facilities, Roads and Bridges — Design
Standards No. 3, Draft 2), and ASCE 7-05 should be considered when establishing a seismic loading
criteria for these SWP facilities. The following section provides a summary of seismic criteria that are
currently being used by the USACE and USBR agencies, and adopted by ASCE.

3.2.4.1 US Army Corps of Engineers (USACE) — Check Structures

The USACE seismic criteria apply to a wide range of structures and should take into consideration
the consequences of project failure. USACE uses two types of analysis to select ground motions. The
first method uses DSHA which incorporates magnitude, site conditions, and attenuation relation-
ships to select ground motions. The alternative approach is PSHA, which applies a similar process
as DSHA, but includes probability of exceedance and structure service life to calculate return period
to determine ground motions. The largest earthquake that can be expected based on geological and
seismological evidence is the MCE and is determined by DSHA. The MDE is the ground motion to
which the structure will be designed and allowed to respond inelastically without collapse. MDE's
are characterized as a deterministic or probabilistic event. To protect against loss of service, an OBE
is used which has a return period of 144 years (probability of exceedance of 50 percent and service
life of 100 years). Structures designed for OBE should respond elastically. As stated previously, the
USACE does not provide specific seismic loading criteria for check structures, but does recommend
that critical or essential structures should be designed for both a mean and 84t percentile MCE
event.

3.2.4.2 US Bureau of Reclamation (USBR)

Based on the USBR’s design criteria (USBR Design Standards No. 3, Water Conveyance Facilities,
Fish Facilities and Roads and Bridges, Draft — Phase 2 [Reclamation — wide review], September
2009), a seismic event with a ten percent probability of being exceeded in 50 years (475 year
return period) is applied if ACI 350 is used for the structural design. Response accelerations are
obtained from the United States Geological Survey (USGS) hazard maps. Site specific studies may
be required if the structure is located near known faults or soil layering exists which could increase
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accelerations more than typical values based on soil profiles. Soil classifications can be found in
ASCE 7-05. While USBR does not reference the use of ACSE 07-05 for its seismic loading criteria,
it appears their intent is to use ASCE 7-05 for soil classification.

3.2.4.3 American Society of Civil Engineers (ASCE) 07-05

Below is an outline describing the methodology used to determine the design acceleration for a
check structure using ASCE 7-05 Seismic Design Criteria (Chapter 11). Based on the structural
configuration and performance of check structures, it is expected that design accelerations would
be determined using a short period response. Some content from the design criteria that would not
be applicable to check structures has been removed for clarity.

1. Seismic Hazard Map

e Ss - Spectral response accelerations for short period (0.2s)
e 2475-year return period

e Five percent critical damping

e Sijte class B

e Probabilistic values with a deterministic cap (in California)

2. Site Class based on soil profile
e (Choice of site class based on soil stiffness (measured differently depending on soil type)
e Site class A (hard rock) thru site class F (very soft soils)
e Site class D (stiff soil ) is default without sufficient geotechnical data
3. Site Coefficients based on site class
e Calculate Fa based on site class and response accelerations
e Fa - Site coefficient at 0.2s
4. MCE Spectral Response Acceleration Parameters
e (Calculate SMS based on site coefficients
e SMS = Fa-Ss (Equation 11.4-1)
5. Design Spectral Acceleration Parameters

e Approximately equal to 500 year return period
e Calculate SDS by reducing MCE acceleration parameters
e SDS = 2/3 -SMS (Equation 11.4-3)

6. Design Response Spectrum (if required)

e Equations in place of site specific ground motion used to generate curve

7. MCE Response Spectrum (if required)
e Design Response Spectrum multiplied by 1.5
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